In this study, a microemulsion electrokinetic chromatography (MEEKC) was used to analyze ten non-steroidal antiinflammatory drugs (NSAIDs) in water samples. The type and ratio of organic modifiers were found to be the predominant influences on the NSAIDs separation. Subsequently, field-amplified sample injection was coupled with this MEEKC method in order to enhance the detection sensitivity. When both the acid plug (3 s) and water plug (5 s) were placed at the front of the capillary, and the acetonitrile (ACN) solvent was added to the water plug (10% ACN) and the sample matrix (15% ACN), the separation time was shortened to 15 min, as well as the limit of detection (LOD) of these NSAIDs was reduced to the range of 0.03 to 0.3 μg/L, which provided about a 1400-fold to 6100-fold enhancement in LOD. Finally, the proposed on-line concentration MEEKC method also successfully determined the NSAIDs residues in water samples after solid-phase extraction.
Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) are a group of analgesic, antipyretic and anti-inflammatory drugs, most of which have been used extensively in human and farm animals for several decades to treat the inflammatory process and a related clinical effect. 1 Because of high polarity and poor degradability in water, NSAIDs are not removed well during wastewater treatment.
Similar to other polar organic contaminants (POCs), NSAIDs have been regarded as being one of the emerging chemical contaminants due to their high environmental distribution and potential ecotoxicological effects. Some researchers reported that the NSAIDs residues in diverse aquatic environments (such as sewage water, drinking water, and surface water) have reached at the ng/L -μg/L level. [2] [3] [4] [5] Consequently, in order to monitor their residues in environmental samples, the development of highly sensitive analytical methods for NSAIDs determination has received considerable attention in recent years.
Different analytical technologies, such as liquid chromatography, gas chromatography and capillary electrophoresis (CE) have also been developed to determine NSAIDs in pharmaceutical and environmental water samples to date. 2, 3, [6] [7] [8] [9] [10] [11] [12] [13] [14] Microemulsion electrokinetic chromatography (MEEKC), which has a similar separation mechanism as micellar electrokinetic chromatography (MEKC), has been demonstrated to be a reliable separation technique for a wide range of analytes, including NSAIDs compounds. [15] [16] [17] [18] [19] [20] [21] For all CE derived techniques, including MEKC and MEEKC, on-capillary UV detection is still employed as the major detection mode. Therefore, a suitable on-line sample concentration step prior to CE separation is necessary for improving the detecting ability. Several on-line concentration CE methods on NSAIDs analyses have been reported. [21] [22] [23] [24] [25] [26] [27] [28] Among them, Dawod et al. proposed an electrokinetic supercharging (EKS) on-line concentration step, which provided the best detection sensitivity for seven NSAIDs so far (the LODs were in the range of 0.05 -0.18 μg/L). 28 On the other hand, even though MEEKC and MEKC provided relatively good separation efficiency, however, an inadequate detection sensitivity (as low as 5 μg/L) or longer separation time (~15 to 34 min) was still observed when an on-line sample concentration step in combination with MEKC or MEEKC was applied for NSAIDs analyses. 17, 18 In this study, an analytical method for the separation of ten common NSAIDs drugs was developed based on MEEKC, in which an acidic microemulsion solution (pH 2) was used for enhancing the interaction of the analytes with negative charged oil droplets. A field-amplified sample injection (FASI) step was then coupled to this MEEKC separation in order to determine the trace-amount NSAIDs in environmental water samples (river, ground and tap water). Finally, the detection ability and separation efficiency provided by the proposed MEEKC method were also compared with the best CE method of NSAIDs analyses at present.
Experimental

Chemicals and reagents
Diclofenac (Dic, pKa 4.2), ketoprofen (Ket, pKa 4.2), indomethacin (Idm, pKa 4.0), ibuprofen (Ibu, pKa 4.2), naproxen (Nap, pKa 4.8) and flurbiprofen (Flu, pKa 4.1) were purchased from TCI (Tokyo, Japan). Piroxicam (Pir, pKa1 3.8, pKa2 4.5) and fenoprofen (Fen, pKa 4.2) were purchased from MP (Eschwege, Germany). Sulindac (Sul, pKa 4.2) and indoprofen (Indo, pKa 4.4) were purchased from Sigma (St. Louis, MO). These NSAIDs standards were individually dissolved in methanol at a stock concentration of 500 mg/L.
All microemulsions were prepared on a w/v basis in 50 mM phosphate buffer of pH 2.0. After the addition of various ratios of surfactant (sodium dodecyl sulfate (SDS), 3.31%), cosurfactant (2-propanol, 8.61%), oil (1,2-propylene glycol diacetate (PGDA), 1.01%), and organic modifier (acetonitrile (ACN), 15% and 13% for conventional MEEKC and on-line concentration MEEKC, respectively), the mixture was then sonicated for 30 min until becoming homogeneous.
Real samples and pretreatment
Several environmental water samples (river water, ground water and tap water) with or without being spiked with NSAIDs standards (10 μg/L for each one), were first filtered by a 6-μm paper filter (repeated two times), followed by a 0.45-μm nylon filter (repeated two times). The clear aqueous solution was then acidified to pH 2 with a 12 M HCl solution, and was ready for the solid-phase extraction (SPE) procedure described below.
The C-18 column (LC-18; Supelco, Bellefonte, PA) used in SPE was conditioned prior to use by washing with methanol (6 mL), deionized water (6 mL) and then followed with a HCl aqueous solution (pH 2, 3 mL). After the addition of an acidified aqueous sample (300 mL), the extraction column was dried by a nitrogen gas flush. The absorbed NSAIDs were eluted from the column with 1.2 mL of methanol at a rate of approximately 0.5 mL per minute. Thus, this SPE treatment provided a preconcentration factor of 250-fold for water samples. The eluted solution, which contained the NSAIDs, was mixed with a borate-boric acid buffer (pH 8, 27.5 mM, 10% ACN) in a volume ratio of 1:9, and then was directly analyzed by on-line concentration MEEKC.
Apparatus and operating conditions for CE
All experiments were performed with a Hewlett-Packard 3D capillary electrophoresis system equipped with a 3D UV-Vis detector (Waldbronn, Germany). Separations were performed in a 48.5-cm total length (40 cm to detector) of 75 μm i.d. uncoated fused-silica capillary (Polymicro Technologies, Phoenix, AZ). The capillaries were conditioned prior to separation by washing with 0.1 M sodium hydroxide (925 mbar, 2 min), deionized water (925 mbar, 3 min), and then followed with a running buffer (925 mbar, 5 min). Sample and standard solutions that were mixed with a phosphate buffer (pH 2, 50 mM) in a volume ratio of 1:9, were pressure-injected into the capillary column for conventional MEEKC (30 mbar, 3 s). Separations were carried out using an electrical voltage of -15 kV; the temperature of the capillary was maintained at 30 C while 200 nm was selected as the detection wavelength.
On-line concentration mode
First, the capillary was filled with an acidic microemulsion solution (pH 2.0, 925 mbar for 5 min) in order to suppress the electroosmotic flow (EOF). Subsequently, a short acid zone (a phosphate solution of pH 2, 50 mM, 50 mbar for 3 s, 0.89 cm), followed by a short water plug (deionized water containing 15% ACN, 50 mbar for 5 s, 1.48 cm), were introduced hydrodynamically. The NSAIDs analytes, which were mixed with a borate-boric acid buffer (pH 8, 27.5 mM, 10% ACN) in a ratio of 1:9, were injected electrokinetically at a negative polarity (-10 kV) for 500 s. After the sample was injected, a separation voltage of -15 kV was applied with the microemulsion solution in the inlet vial, and then MEEKC separation was proceeded.
Results and Discussion
Conventional MEEKC for NSAIDs analyses
To achieve a baseline separation for the ten analytes, several parameters of microemulsion composition (concentration or type of surfactant, oil, cosurfactant and organic modifier) were examined. The results indicated that an inadequate resolution was achieved especially for Ibu, Dic, Indo and Flu, whether a different concentration of surfactant (SDS, 1.11 to 3.31%), different type of oil (ethyl acetate, n-butyl acetate, heptane, octane or PGDA) or cosurfactant (1-propanol, 2-propanol or 1-butanol) was used. The results implied that the change in the microemulsion composition did not obviously alter the interaction of the ten analytes with oil droplets. Since a microemulsion solution composed of PGDA (1.01% (w/v)) and 2-propanol (8.61% (w/v)) had a higher baseline stability and better resolution for the other six analytes, in the study they were used as an oil phase and a cosurfactant, respectively, in which the four NSAIDs (Ibu, Dic, Indo and Flu) had the same migration time.
On the other hand, the nature of the organic modifier was found to highly influence the NSAIDs separation (Fig. S1 ) (Supporting Information). Methanol and acetonitrile (ACN), which are commonly used as organic modifiers in many MEEKC systems, were employed for the analysis. All of the NSAIDs analytes were separated well (resolution (R) ~1.0) by the addition of methanol or ACN. Compared to methanol, ACN, which has a lower viscosity and a less-polar property, provided a higher resolution for Ibu, Dic, Indo and Flu. This was likely due to the presence of ACN, which reduced the aqueous phase polarity, and further caused all of the NSAIDs to have greater differences on the partition coefficients. A microemulsion solution composed of 15% (w/v) ACN provided the highest resolution for the NSAIDs compounds, and thus it was chosen as the optimal ACN level for the conventional MEEKC.
On-line concentration MEEKC for NSAIDs analyses
So far, a baseline separation of the ten analytes has been obtained by a microemulsion solution composed of 3.31% SDS, 1.01% PGDA, 8.61% 2-propanol, 15% ACN, and 72.07% phosphate buffer (pH 2, 50 mM) at -15 kV applied voltage (Fig. S1c) .
However, an inadequate detection sensitivity occurred when using this MEEKC method (the LODs were in the range of 0.17 to 0.58 mg/L). To enhance their detection sensitivity, an FASI step, anion-selective injection, was coupled with this MEEKC separation. The same acidic microemulsion solution, but the ACN level changed from 15 to 13%, was used in the on-line concentration MEEKC, because it still maintained a good separation ability. All of the NSAIDs had a pKa (or pKa1) of around 4, so these analytes had to be prepared in a basic buffer (pH 8) in order to successfully introduce these NSAIDs anions into a capillary during this FASI step. An acidic microemulsion solution (pH 2.0) was developed as a running buffer; as a result, all of the analytes became neutral in the following MEEKC separation. During optimization of this on-line concentration step, several variables, such as the ACN level in the sample matrix and water plug, the lengths of the acid and water plugs, were found to strongly influence the NSAIDs sensitivity, and thus they are discussed in the following.
Effect of the acetonitrile level on NSAIDs sensitivity
The effect of ACN stacking on NSAIDs detection in this MEEKC system was studied. First, a different level of ACN (0 to 15%) was added to the sample matrix (a borax-boric acid buffer of pH 8, 50 mM), and the influence on detecting sensitivity was compared. Figure 1(a) is a plot of the sensitivity enhancement response in terms of the peak area (SERarea, SERarea = dilution factor ×(peak area obtained with on-line concentration MEEKC/peak area obtained with normal MEEKC injection)) vs. the ACN levels. The NSAIDs sensitivity was markedly improved by increasing the ACN level in the sample matrix. Although 15% ACN provided the highest SERarea, CE separation often failed (current leakage) if the ACN level was at or higher than 15%. As a result, a sample matrix composed of 10% ACN was used in the study.
Next, the effect of the ACN level in the water plug was examined. Similar to the ACN effect in a sample matrix, the SERarea was also increased with the ACN amount in water plug, and thus 15% ACN was regarded as the optimal level ( Fig. 1(b) ). Compared to the sensitivity without the ACN addition, the SERarea of NSAIDs was enhanced from the range of 860 -3460 to 1190 -5400 by including the ACN to sample matrix (10%) and water plug (15%). This indicated that a significant ACN stacking effect was obtained in the on-line concentration MEEKC.
Effect of acid and water plugs on the NSAIDs sensitivity
In the FASI procedure, an acid plug (phosphate buffer, pH 2, 50 mM) followed by a water plug (deionized water) was introduced into the capillary tube before sample injection. Several different lengths of acid and water plugs (3 to 8 s, and 2 to 10 s, respectively) were tested; and the results are illustrated in Fig. 2. A comparison of the profiles in Fig. 2 shows that the SERarea varied greatly with the length of the acid or water plug. The use of a water plug, which produced a higher electric field, could promote a larger amount of NSAIDs anions to enter the capillary during sample injection. When the NSAIDs anions reached the acid plug, they were immediately converted as neutral forms, and accumulated on the border between the acid and water plugs. Thus, the detection sensitivity of NSAIDs was significantly enhanced by 500 s injection of -10 kV. Because of a dilution effect or poor conductivity, a reduced detection sensitivity or failed CE separation often occurred if longer acid and water plugs were used. Consequently, an acid plug (3 s) followed by a water plug (5 s), which provided the highest concentrating performance, was determined as the optimal condition in the study.
Comparison of conventional and on-line concentration MEEKC for NSAIDs analyses
The electropherograms of NSAIDs standards derived from the conventional and on-line concentration MEEKC methods are shown in Fig. S1(c) and Fig. 3(a) , respectively. The sample concentration for Fig. S1(c) was 50 mg/L, while it was 5000-times lower for Fig. 3(a) (i.e., 10 μg /L) . The LODs for all analytes were in the range of 0.17 -0.58 mg/L for conventional MEEKC, and 0.03 -0.30 μg/L for on-line concentration MEEKC (Table 1) .
Thus, this on-line concentration step provided about a 1400-fold to 6100-fold improvement in the detection limit, and without any loss in resolution. In addition, it also shortened the migration time of all analytes from 17 to 15 min. Further in order to compare the best detection sensitivity of NSAIDs compounds obtained by the CE-UV method to date, in which seven NSAIDs compounds were separated within 9 min, and their LODs were in the range of 0.05 -0.18 μg/L, 28 the proposed on-line concentration MEEKC method provided comparable detection and separation abilities for all of the ten NSAIDs. Other GC and LC studies on the NSAIDs analyses reported their best detection limits to be in the range of 1 to 10 ng/L for GC, and reduced to 0.15 to 2.5 ng/L with LC coupled to MS/MS. 2, 3, 11 However, a derivatization step (GC) and a more expansive mass spectrometry (triple quadrupole or time-of-flight mass spectrometry for LC) were necessary. In contrast to these GC and LC methods, in which a longer separation time (~40 min for GC) or inadequate resolution (R < 1 for LC) often occurs, this proposed CE method provided a more efficient strategy for NSAIDs determinations, because of no derivatization step or expansive MS/MS detector, even if it had a poorer detection sensitivity.
The qualitative and quantitative performances of the on-line concentration MEEKC method for the NSAIDs analysis are given in Table 1 . The slope and intercept of the calibration curves with 95% confidence limits are also summarized to Table S1 (Supporting Information). Their quantitative recoveries by the proposed method were in the range of 92.0 to 97.3% when the NSAIDs standards were directly analyzed by on-line concentration CE; they were in the range of 83.6 to 94.2% when a tap water sample spiked with NSAIDs standards was treated with a SPE step, followed by this on-line concentration CE analysis. The results indicated that this method provided a . The ACN content in the sample matrix and water plug was kept at 10 and 15% (v/v), respectively, while the acid and water plugs were maintained at 3 and 5 s, respectively. Samples were injected by -10 kV for 500 s. Ibu (1), Dic (2), Flu (3), Indo (4), Fen (5), Sul (6), Nap (7), Ket (8), Idm (9) and Pir (10). relatively good qualitative and quantitative performance for the NSAIDs analyses.
NSAIDs analyses in real samples
Next, the electropherograms of several water samples (river and ground water) derived by the optimal on-line concentration MEEKC method are shown in Fig. 3(b) . Ibu was determined in river-and ground-water samples after a C18 SPE treatment, whereas no NSAIDs residue was found in tap water (Fig. 3(b) ). The concentrations of NSAIDs present in the river-and ground-water samples were 223 μg/L (RSD = 3.17%) and 60 μg/L (RSD = 8.48%), respectively (n = 3). In addition, in order to examine the separation and detection ability for all of the NSAIDs compounds, the tap-and river-water samples spiked with ten NSAIDs (10 μg/L) were also separated by an on-line concentration method (Fig. 3(c)) . These trace-level analytes in the tap water were successfully determined without any interference, while some unknown components of the river water interfered with the four analyte detections (Fen, Ket, Idm and Pir), and thus a further sample pretreatment should be necessary in order to avoid matrix interferences in this type of water-sample analyses.
Conclusions
In the present work, an on-line concentration MEEKC method was developed for analyzing ten NSAIDs compounds in water samples. The ACN level added to sample matrix and water plug greatly determined the NSAIDs sensitivity. Furthermore, the SERarea of all NSAIDs was highly sensitive to the lengths of the acid and water plugs. The optimal MEEKC coupled to the C-18 SPE pretreatment successfully determined the NSAIDs amounts in water samples. Compared to previous on-line concentration CE methods, in which the best LOD for seven NSAIDs compounds was in the range of 0.05 to 0.18 μg/L, the proposed on-line concentration MEEKC method provided a comparable detection and separation ability for NSAIDs analyses.
